Background
==========

Acute respiratory distress syndrome (ARDS), characterized by severe hypoxemia (PaO~2~/FIO~2~ ≤300 mmHg) \[[@b1-medscimonit-25-827]\], is usually companied by uncontrolled inflammation, oxidative injury, and alveolar-capillary barrier damage. Acute lung injury (ALI) is a major pathogenesis of acute respiratory distress syndrome (ARDS), pneumonia, and acute respiratory failure (ARF) \[[@b2-medscimonit-25-827]\]. Previous studies have discovered that key pathological features of ALI -- uncontrolled inflammation, oxidative injury, and damage to the alveolar-capillary barrier -- resulted from apoptosis or inflammation \[[@b3-medscimonit-25-827]\]. The initial exudative phase of ALI is often triggered by the release of inflammatory cytokines and chemokines, which lead to the onset of damage \[[@b4-medscimonit-25-827]--[@b6-medscimonit-25-827]\]. Inflammation processes induced by the exposure to pathogen-associated molecular patterns (PAMPs) or danger (or damage)-associated molecular patterns (DAMPs) play important roles in onset of the overall process \[[@b2-medscimonit-25-827],[@b4-medscimonit-25-827],[@b7-medscimonit-25-827]\]. Investigating applicable methods to reduce the inflammation process and improve regional repair may provide indications for the clinical treatment of ALI.

Autophagy is a catabolic process that isolates proteins and organelles by double-membrane vesicles and is targeted to the lysosome for proteolytic degradation \[[@b8-medscimonit-25-827]\]. It has been reported that upregulation of autophagy attenuates the inflammation and improves survival by reducing organ dysfunction \[[@b8-medscimonit-25-827]--[@b11-medscimonit-25-827]\]. In contrast, inhibition of autophagy leads to exacerbated injury and increased mortality \[[@b8-medscimonit-25-827],[@b9-medscimonit-25-827],[@b11-medscimonit-25-827]\]. Thus, autophagy might be a promising target for the treatment of ALI.

Homeodomain-interacting protein kinase 1 (HIPK1) is a modulator of homeodomain-containing transcription factors \[[@b12-medscimonit-25-827],[@b13-medscimonit-25-827]\]. Previous research has proposed HIPK1 as a pro-oncogenic gene that mediated apoptosis and DNA-damage repair \[[@b12-medscimonit-25-827],[@b14-medscimonit-25-827],[@b15-medscimonit-25-827]\]. It has important roles in cell stress and injuries in numerous diseases. HIPK1 can modulate p53 phosphorylation and leads to further p53 transactivation \[[@b12-medscimonit-25-827],[@b16-medscimonit-25-827],[@b17-medscimonit-25-827]\]. Other research also reported that inhibition of p53 leads to enhanced autophagy and thus ameliorates inflammation \[[@b17-medscimonit-25-827],[@b18-medscimonit-25-827]\]. Therefore, we investigated the HIPK1 function in ALI and its protective effects through the regulation of autophagy.

Material and Methods
====================

Animals
-------

Eight-week-old C57 BL/6 male mice weighing about 22.1 g were used in the present study. These mice were bought form the Experimental Animal Centre of Qingdao University (Qingdao, China) and the study was approved by the Animal Care and Use Committee of Qingdao University (20170197-02) (Qingdao, China). They were placed in a specific pathogen free (SPF) room with sawdust bedding at a temperature of 25--26°C and a relative humidity of \~50%, a 12-h light/dark cycle, and free access to water and food. We confirmed that all animals received human care and all animal experiments were conducted in accordance with the relevant guidelines and regulations.

LPS induction and HIPK1 interference
------------------------------------

LPS induction was performed under anesthesia using the procedure described in a previously published study \[[@b19-medscimonit-25-827]\]. Bacterial LPS (0.63 mg/kg body wt; *Escherichia coli* O55: B5) or sterile water was injected intratracheally in a small volume (10--20 μl) via a 20-gauge catheter (Exelint International, Los Angeles, USA). Bafilomycin A (10 mg/kg) or chloroquine (CQ) (50 mg/kg) was administered 2 h prior to LPS induction. At 6, 12, and 24 h after LPS induction, lung tissues and blood were harvested in bafilomycin A treatment experiments, while in other experiments the mice were sacrificed and lung tissues and blood were harvested at 24 h for further analysis. The transfection procedure was applied as previously reported \[[@b20-medscimonit-25-827]\]. Briefly, the siRNA sequence of HIPK1 (Sense: 5′-GAGUAGCUGUGUUGUGUAA-3′; anti-sense: 5′-UUACACAACACAGCUACUC-3′) or vector sequence were diluted with 10 ul of Opti-MEM and mixed gently; then, Lipofectamine^™^ 2000 (10 μl) was diluted with 20 ul of Opti-MEM, mixed gently, and incubated for 15 min at room temperature. The HIPK1 interference group received 30 ul mixed siRNA-lipofectamine intratracheally, while the vector group was treated with vector-lipofectamine for LPS induction.

Histology analysis
------------------

Lungs tissues were fixed in 4% paraformaldehyde solution for at least 2 days and then embedded in paraffin and sectioned. After deparaffinization and rehydration, the sections were stained with hematoxylin and eosin (HE). We used light microscopy to assess alveolar congestion, hemorrhage, aggregation of inflammatory cells, and the thickness of the alveolar barriers.

Analyses of H~2~O~2~ and O^·−2^ production, and ROS levels in lung of mice
--------------------------------------------------------------------------

Lung levels of O^·−2^ were measured using the chemiluminescence method. Firstly, the weighed lung tissues of mice were homogenized in lysis buffer, pH 7.4, containing 10 mM EDTA as well as 20 mM HEPES. The samples were centrifuged for 10 min at 1000 g, and then the aliquot of samples was incubated with a Krebs-HEPES buffer, pH 7.4, containing 5 mM lucigenin (Sigma, Shanghai, China) about 2 min at 37°C. Next, light emission data were obtained on a M200 PRO multifunctional microplate reader (TECAN, Switzerland), and the results were shown as mean light unit (MLU) min/mg protein. Levels of O^·−2^ were measured by adding SOD (350 U/mL) to the medium according to the manufacturer instructions (R&D system, Minneapolis, MN, USA). Lung tissues were homogenized in normal saline, and the samples were treated with an equal volume of cold methanol for 60 min at 4°C. Then, the samples were centrifuged for 30 min at 10 000 g and we obtained the supernatant for H~2~O~2~ evaluation using biochemical kits (R&D Systems, Minneapolis, MN, USA). Protein concentration was measured using the Bradford method and BSA was employed as the standard.

Determination of TNF-α and IL-6 by ELISA
----------------------------------------

The weighed lung tissues were put in cold PBS buffer (pH 7.0) containing 0.002% sodium acid, 0.1 mg/mL soybean trypsin inhibitor, 2 mM PMSF, 10 nM EDTA, and 1.0 mg/mL BSA. The tissues were homogenated and samples were incubated for 2 h at 4°C. For further assays, the supernatants were collected by centrifugation at 12 000 g for 10 min. TNF-α, and IL-16 levels in supernatant of serum and lung were measured using ELISA kits (Sigma, Shanghai, China).

Reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

The reverse transcription-polymerase chain reaction (RT-PCR) and the quantitative real-time PCR (Q-PCR) were performed as follows. Total RNA was extracted from lung tissues and cultured cells using TRIZOL reagent (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was obtained by reverse transcription in a 20-μL reaction containing 2 μg of total RNA, oligo (dT), and reverse transcription premix.

The quantitative real-time PCR (Q-PCR) reactions were performed with the SYBR green PCR system in an ABI 7500 thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA). The SYBR green reagents were also purchased from Thermo Fisher Scientific. The cycling conditions were as follows: 95°C for 3 min; followed by 40 cycles involving denaturing at 95°C for 10 s, annealing at 60°C for 5 s, and extension at 72°C for 10 s. Expression of mRNAs was normalized by the mRNA levels of GAPDH, which was used as an internal control. We analyzed the relative levels of mRNAs using the 2^−ΔΔCt^ method, and GAPDH was used as the internal control. The primer sequence was: HIPK1: forward, 5′-TCCCCATACTACGAGAAGGGT-3′; reverse, 5′-ATGTCCCCACCCCTAGTACC-3′; GAPDH: forward, 5′-CATTCAAGACCGGACAGAGG-3′; reverse, 5′-ACATACTGCAC ACCAGCATCACC -3′.

Immunoblot analysis
-------------------

The lung tissues or the HSCs were lysed in RIPA Buffer (1 mM EDTA pH 8.0, 50 mM Tris-HCl pH 8.0, 2% SDS, 5 mM DTT), and their protein concentration was determined by BCA assay (Beyotime, Inc., Shanghai, China). The total protein (about 30 μg) was separated by SDS-PAGE gel and transferred to PVDF (polyvinylidene fluoride) membranes (Invitrogen, California, USA), and blocked with 5% non-fat dry milk in PBST (phosphate-buffered saline with Tween), pH 7.5. The membranes were immunoblotted with primary antibodies for 4 h or overnight at 4°C. The primary antibodies were all purchased from Cell Signaling Technology (Massachusetts, USA) and they were diluted at 1: 1000 in the immunoblot analysis. Secondary antibodies with horseradish peroxidase were used. The protein bands were assessed using an enhanced chemiluminescence kit (Pierce, Rockford, USA). The corresponding semi-quantitative analysis was based on optical density with ImageJ software.

Statistical analysis
--------------------

Data are showed as the mean ±SEM. The *t* test was performed for comparisons between 2 groups and one-way ANOVA was used for comparisons among more than 2 groups. P value \<0.05 was considered to be statistically significant.

Results
=======

HIPK1 expression in lung of LPS-induced ALI mice
------------------------------------------------

We first analyzed HIPK1 expression in LPS-induced ALI mice. We found the HIPK1 was highly elevated in the lung tissue, as analyzed by Q-PCR ([Figure 1A](#f1-medscimonit-25-827){ref-type="fig"}). Similarly, a low level of HIPK1 protein was found in lung tissue from LPS-induced ALI mice, as detected by Western blot analysis with quantification analysis ([Figure 1B, 1C](#f1-medscimonit-25-827){ref-type="fig"}).

HIPK1 interference improved the pathology and attenuates regional inflammation and oxidative stress of lung tissue
------------------------------------------------------------------------------------------------------------------

We then used si-HIPK1 to interfere in the expression of HIPK1 in lung tissue by using Lipofectamine^™^ 2000. First, we proved that si-HIPK1 successfully downregulated the expression of HIPK1 at mRNA and protein levels in lung tissue ([Figure 2A, 2B](#f2-medscimonit-25-827){ref-type="fig"}). We found that the interfered group showed ameliorated inflammation and pathological changes compared with the control vector of HIPK1 transfected group (con-HIPK1) and model group ([Figure 2C](#f2-medscimonit-25-827){ref-type="fig"}). The cytokine level (IL-6 and TNF-alpha) in lung and peripheral blood were decreased in the si-HIPK1 group ([Figure 2D--2G](#f2-medscimonit-25-827){ref-type="fig"}) and the pathology was improved according to HE staining ([Figure 2C](#f2-medscimonit-25-827){ref-type="fig"}). In addition, as oxidative stress participates in the early phase of ALI and usually results in extensive inflammation, we next analyzed the level of H~2~O~2~, O^·−2^, and NO in the lung to determine the effects of HIPK1 on oxidative stress in LPS-induced mice. We found that H~2~O~2~, O^·−2^, and NO levels were elevated in LPS group, whereas si-HIPK1 inhibited H~2~O~2~, O^·−2^, and NO production in the lung of LPS-induced mice ([Figure 3H--3J](#f3-medscimonit-25-827){ref-type="fig"}). These results indicated the protective effects in oxidative stress and inflammation in HIPK1-interfered mice.

HIPK1 interference enhanced autophagic flux in the lung of LPS-induced mice
---------------------------------------------------------------------------

In investigating possible mechanisms of HIPK1 interference in reducing inflammation and oxidative stress, we analyzed the level of LC3-II and p62 to investigate the possible alteration in autophagy. We found the expression of LC3-II and p62 was increased when compared with the control group ([Figure 3A--3C](#f3-medscimonit-25-827){ref-type="fig"}) in LPS-induced lung tissue. After the interference of HIPK1, LC3-II further increased while p62 decreased compared with LPS-induced ALI mice ([Figure 3A--3C](#f3-medscimonit-25-827){ref-type="fig"}). Bafilomycin A was used to detect the autophagic flux by inhibiting the degradation of the autophagosome. When treated with bafilomycin A in LPS-induced ALI mice, we found a significantly increase in LC3-II protein ([Figure 3D, 3E](#f3-medscimonit-25-827){ref-type="fig"}). In addition, si-HIPK1 further enhanced LC3-II in the presence of bafilomycin A ([Figure 3D, 3E](#f3-medscimonit-25-827){ref-type="fig"}). Thus, these results indicated the enhance autophagic flux of si-HIPK1 in LPS-induced ALI mice.

After discovering the effects of HIPK1 on autophagy in lung tissue, we next studied whether the autophagy is responsible for the ameliorated inflammation and oxidative stress of LPS-induced ALI. We used chloroquine (an autophagic flux inhibitor) to determine the contribution of autophagy in lung protection. We found that chloroquine increased the LC3-II expression ([Figure 3F, 3G](#f3-medscimonit-25-827){ref-type="fig"}) and reversed the indicators of inflammation (IL-6 and TNF-alpha) ([Figure 4A--4D](#f4-medscimonit-25-827){ref-type="fig"}) and oxidative stress (H~2~O~2~, O^·−2^, and NO) ([Figure 4E--4G](#f4-medscimonit-25-827){ref-type="fig"}). Thus, these results proved the protective effects of autophagy in LPS-induced ALI and the regulatory role of HIPK1 in protecting lung tissue through autophagy.

HIPK1 interference restored the formation of autophagosomes and autolysosomes in LPS-induced ALI
------------------------------------------------------------------------------------------------

The matured autophagosome is formed by Atg12-5 complex, Beclin-1 complex, and LC-3II. We detected the level of Atg12-5 protein by Western blot and found an elevation in LPS-induced ALI mice. After the HIPK1 interference, the Atg12-5 level was further enhanced ([Figure 5A, 5B](#f5-medscimonit-25-827){ref-type="fig"}), while Beclin-1 showed no significant changes ([Figure 5A, 5C](#f5-medscimonit-25-827){ref-type="fig"}). In addition, we also analyzed the level of LC3-lipidation by using Atg3 and Atg7 as markers. We found the Atg3 expression was reduced in LPS-induced ALI mice but was restored after HIPK1 interference, and Atg7 showed no significant changes ([Figure 5A, 5D, 5E](#f5-medscimonit-25-827){ref-type="fig"}). These results proved that HIPK1 interference led to the restored level of autophagosome formation.

Discussion
==========

Autophagy has been proved to be important in ameliorating sepsis-induced dysfunction of multiple organs. Previous research found that inhibited autophagy led to increased mortality and morbidity through depleting immune cells and causing organ dysfunctions, whereas upregulated autophagy significantly attenuated organ injury. HIPK1 has been identified as one of the nuclear protein kinases participating in the regulation of several processes, including cell growth and apoptosis. Originally, HIPK1 was defined as a modulator of homeodomain-containing transcription factors \[[@b15-medscimonit-25-827]\]. However, recent research found comprehensive activity of HIPK1 in apoptosis \[[@b17-medscimonit-25-827]\], tumor aggression \[[@b12-medscimonit-25-827]\], DNA-damage repair \[[@b13-medscimonit-25-827]\], and pro-oncogenic functions \[[@b12-medscimonit-25-827],[@b13-medscimonit-25-827],[@b16-medscimonit-25-827]\]. With in-depth understanding of HIPK1 in cancer research, recent studies discovered that HIPK1 interacts with p53 by phosphorylating serine-15 and thus promotes p53 transactivation \[[@b12-medscimonit-25-827],[@b17-medscimonit-25-827]\]. However, the depletion, inhibition, or loss of p53 further enhances the autophagy and ameliorates cell stress in response to injuries \[[@b12-medscimonit-25-827],[@b17-medscimonit-25-827]\], but it is unclear whether HIPK1 regulates autophagy in organ injury and dysfunctions. In this study, the HIPK1 interference in LPS-induced ALI mice led to increased autophagic flux and ameliorated inflammation and oxidative stress.

Autophagy consists of several processes: initiation and nucleation, expansion, autophagosome formation, autophagosome-lysosome infusion, and degradation \[[@b21-medscimonit-25-827]\]. It has been reported that several markers participate in autophagy, including LC3-II, p62, Atg12-5 complex, Atg3, and Atg7 \[[@b11-medscimonit-25-827],[@b22-medscimonit-25-827]--[@b24-medscimonit-25-827]\]. In addition to serving as a marker of autophagy, another important effect of enhanced autophagy activity is increased autophagic flux. The LC3-II accumulation could be the result of increased autophagosome synthesis or decreased degradation; thus, use of overall LC3-II expression may not be appropriate to assess enhanced autophagic flux \[[@b25-medscimonit-25-827]\]. Bafilomycin A is a macrolide antibiotic that inhibits the infusion of autophagosome and lysosome and thus inhibits downstream of LC3-II \[[@b25-medscimonit-25-827]\]. As our results showed, bafilomycin A enhanced the expression of LC3-II and HIPK1-interference further enhanced the LC3-II accumulation, thus indicating enhanced autophagic flux after the interference. In addition, we used chloroquine to inhibit the autophagy and assessed whether autophagy is essential in attenuating ALI in HIPK interference. The results showed that inhibited autophagy deteriorated the indicators of oxidative stress and inflammation, suggesting the autophagy has an essential role in attenuating ALI in HIPK1 interference.

In the present study, in investigating whether HIPK1 interference protects the lungs via autophagy, we analyzed the expression of autophagic marker and the autophagic flux to prove the elevated autophagy induced by HIPK1 interference. As the results showed, LC3-II was further elevated when compared with the LPS+vector group, and the expression of p62 was decreased. In addition, HIPK1 interference also elevated the expression of Atg12-5 complex, Atg3, and Atg7, indicating enhanced autophagic activity.

In conclusion, HIPK1 interference protected lungs from LPS-induced ALI through autophagy, indicating a promising role as a regulatory target of HIPK1 in future pharmaceutic development. However, further studies are still needed to elucidate the exact mechanism of HIPK1 interference in regulating autophagy, especially the influence on mTOR signaling.

Conclusions
===========

The present study found that HIPK1 interference ameliorated inflammation and oxidative stress in LPS-induced ALI via enhanced autophagy. These results may provide indications for future pharmaceutic intervention targeted to HIPK1 in the treatment of ALI.

**Source of support:** Departmental sources

![HIPK1 expression in LPS-induced acute lung injury. (**A**) mRNA level of lung tissue in LPS-induced ALI mice (LPS) and controls (sham). (**B, C**) Western blot (**B**) and quantification (**C**) of protein level of HIPK1 in LPS-induced ALI mice and controls. The data are presented as means ±SEM (n=3), \* p\<0.05 compared with the sham group.](medscimonit-25-827-g001){#f1-medscimonit-25-827}

![Ameliorated inflammation and injury of LPS-induced ALI mice after HIPK1 interference. (**A, B**) mRNA (**A**) and protein level (**B**) after HIPK1 interference in LPS-induced ALI mice. (**C**) HE staining of lung in LPS-induced ALI mice or sham mice after HIPK1 interference or vector. (**D--G**) IL-6 level in lung tissues (**D**) and serum (**F**), and TNF-alpha in lung tissues (**E**) and serum (**G**) of different groups. (**H--J**) oxidative marker, H~2~O~2~ (H), O^·−2^ (**I**), and NO (**J**) in lung tissues of different groups. The data are presented as means ±SEM (n=3), \* p\<0.05 compared with the sham group.](medscimonit-25-827-g002){#f2-medscimonit-25-827}

![HIPK1 interference enhanced LC-3II expression and autophagic flux. (**A--C**) Western blot of LC3-II and p62 expression (**A**) and quantification (**B, C**) of lung in LPS-induced ALI mice or sham mice after HIPK1 interference or vector. (**D, E**) Western blot of LC3-II (**D**) and quantification (**E**) in lung tissue of vector or HIPK1 interference treated with bafilomycin A at different time points. (**F, G**) Western blot of LC3-II (**F**) and quantification (**G**) of LC3-II in lung tissue of vector or HIPK1 interference treated with chloroquine (CQ). The data are presented as means ±SEM (n=3), \* p\<0.05 compared with the sham group.](medscimonit-25-827-g003){#f3-medscimonit-25-827}

![Chloroquine (CQ) reversed the protective effects of HIPK1 interference in LPS-induced ALI mice. (**A--D**) IL-6 in lung tissues (**A**) and serum (**C**), and TNF-alpha in lung tissues (**B**) and serum (**D**) of different groups. (**E--G**) oxidative marker, H~2~O~2~ (**E**), O^·−2^ (**F**), and NO (**G**) in lung tissues of different groups. The data are presented as means ±SEM (n=3), \* p\<0.05 compared with the sham group.](medscimonit-25-827-g004){#f4-medscimonit-25-827}

![HIPK1 interference enhanced autophagy in LPS-induced ALI mice. (**A--E**) Western blot (**A**) and quantification of Atg12-5 (**B**), Beclin-1 (**C**), Atg3 (**D**), and Atg7 (**E**) in different groups. The data are presented as means ±SEM (n=3), \* p\<0.05 compared with the sham group.](medscimonit-25-827-g005){#f5-medscimonit-25-827}
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